Recent advances in structural brain imaging have demonstrated that brain development continues through childhood and adolescence. In the present cross-sectional study, structural MRI data from 442 typically developing individuals (range 8-30) were analyzed to examine and replicate the relationship between age, sex, brain volumes, cortical thickness and surface area. Our findings show differential patterns for subcortical and cortical areas. Analysis of subcortical volumes showed that putamen volume decreased with age and thalamus volume increased with age. Independent of age, males demonstrated larger amygdala and thalamus volumes compared to females. Cerebral white matter increased linearly with age, at a faster pace for females than males. Gray matter showed nonlinear decreases with age. Sex-by-age interactions were primarily found in lobar surface area measurements, with males demonstrating a larger cortical surface up to age 15, while cortical surface in females remained relatively stable with increasing age. The current findings replicate some, but not all prior reports on structural brain development, which calls for more studies with large samples, replications, and specific tests for brain structural changes. In addition, the results point toward an important role for sex differences in brain development, specifically during the heterogeneous developmental phase of puberty.
Introduction
Brain development is an organized and highly dynamic multistep process, which is genetically determined, epigenetically directed and environmentally influenced (Tau and Peterson, 2010) . This process continues both through childhood and adolescence, the developmental period during which the body and brain emerge from an immature state to adulthood (Spear, 2000; Steinberg and Morris, 2001) . Although total brain size is approximately 90% of its adult size by age six, it is now well known that the gray and white matter subcomponents of the brain continue to undergo dynamic changes throughout adolescence (Giedd et al., 1999; Paus, 2005) .
Age differences in brain structures
There is increasing consensus on the overall pattern of gray matter development over the course of childhood and adolescence: in childhood a global increase of cortical gray matter volume takes place, peaking around the onset of puberty, which is then followed by a gradual decrease in adolescence and early adulthood (Giedd and Rapoport, 2010; Gogtay and Thompson, 2010; Raznahan et al., 2011; Shaw et al., 2008; Taki et al., 2012) . Cortical thinning occurs throughout adolescence and extends well into adulthood, but patterns (e.g. linear, quadratic, cubic) differ across brain regions and are also dependent on the studied age range (Østby et al., 2009; Raznahan et al., 2011; Shaw et al., 2008; Sowell et al., 2004 Sowell et al., , 2007 Tamnes et al., 2009) . In contrast, total white matter volume increases even until approximately the fifth decade of life and declines thereafter (Paus, 2010a; Paus et al., 2001; Walhovd et al., 2005) . For subcortical regions, developmental patterns are less clear. For example, age-related volume increases for the hippocampus and amygdala (Østby et al., 2009; Taki et al., 2012) , but see (Gogtay et al., 2004) , and age-related volume decreases in the caudate, putamen, pallidum and accumbens have been reported (Østby et al., 2009; Sowell et al., 2002 Sowell et al., , 2004 ).
Sex differences in brain structures
Sex differences account in part for the aforementioned different developmental growth trajectories. Cerebral and gray matter volume in the frontal and parietal lobes peak earlier in girls than in boys (though the exact ages vary depending on the subregion), a pattern which may relate to sex differences in timing of puberty (Lenroot et al., 2007) . Moreover, sex differences have been demonstrated in the hippocampus (larger in females; but see (Bramen et al., 2011) ), amygdala (larger in males) (Neufang et al., 2009 ) and thalamus (larger in males) (Bramen et al., 2011) , but see (Sowell et al., 2002) . Some of these findings have also been replicated in a VBM (voxel-based morphometry) study, showing pronounced sexual dimorphism (males larger than females) in amygdala, thalamus, putamen and insula (Peper et al., 2009 ).
Sex differences have also been reported in cortical thickness, indicating thicker cortices in parietal and temporal regions in females compared to males (age-range 8-87) , but the opposite has also been reported (Raznahan et al., 2011) . In a sample with a narrow age range (10-14 years), no sex differences were present in cortical thickness (Bramen et al., 2012) . However, significant sex differences were present when gonadal hormones, in this case testosterone, were used as a predictor of cortical thickness (Bramen et al., 2012; Nguyen et al., 2012) . Furthermore, maturational patterns for whole brain thickness show different trajectories between sexes (Raznahan et al., 2011) .
These studies have provided important insights in the complex changes in brain development in late childhood and adolescence. However, there is still no general consensus on the developmental trajectories of all (sub)cortical brain structures in early and mid adolescence.
The aim of the current study was to perform a replication study focusing on cross-sectional age-and sex-related structural brain differences in a European sample (n = 442; 223 females, 219 males) in the age range of 8-30 years. Specifically, we used structural magnetic resonance imaging (MRI) to gain information on brain volumes, cortical thickness and surface area measurements. We had the following objectives: (1) examine age-related differences in (sub)cortical brain volumes, cortical thickness and surface area with possible sex-related differences. (2) The second goal was to examine the relationship between gray matter 9  16  20  36  10-11  23  31  54  12-13  30  31  61  14-15  31  28  59  16-17  27  31  58  18-20  46  33  79  21-23  34  31  65  24-29  16  14  30   Total  223  219  442 volume, cortical thickness and surface area with age and between sexes.
Materials and methods

Participants
We combined data sets from several different imaging studies performed at the Brain and Development Lab, Leiden University, between 2006 and 2010. The same scanner and scanner-protocols were utilized to create a large dataset of healthy participants. Four hundred forty-two (219 males; 223 females) unrelated typically developing children and young adults were included. The age range was between 8 and 30 with an about equal distribution across age cohorts (see Table 1 for subgroups).
There were no differences in mean age between males (mean: 16.3 (SD = 4.74)) and females (mean: 17.0 (SD = 4.77; p = 0.08), and no differences in sex or age distribution and time of scan (all p's > 0.8). Participants had no self-reported history of neurological or psychiatric disorders, chronic illness, learning disabilities, or use of medicines known to affect nervous system functioning. They were required to be right handed and to have no MRI contraindications. Participants and primary caregivers (for minors) gave informed consent for the studies and received fixed payment for participation. All studies and procedures were approved by the Medical Ethics Committee of the Leiden University Medical Center.
Data acquisition
All participants were scanned with the same standard whole-head coil on the same 3-Tesla Philips Achieva MRI system (Best, The Netherlands). High-resolution T1-weighted anatomical scan were obtained: 3D-T1-weighted scan: TR = 9.717 ms; TE = 4.59 ms, flip angle = 8 • , 140 slices, 0.875 mm × 0.875 mm × 1.2 mm, FOV = 224.000 × 168.000 × 177.333. All anatomical scans were reviewed and cleared by a radiologist.
(Sub)cortical volumes, thickness and area
Cortical reconstruction and volumetric segmentation was measured automatically using the software FreeSurfer version 5.0 (http://surfer.nmr.mgh.harvard.edu/) (Dale et al., 1999; Fischl and Dale, 2000; Fischl et al., 1999a) .
Until recently, manual tracing of brain regions by experts in neuroanatomy has been the accepted standard. However, as the size of the MRI datasets has increased, the time and cost required for the labor-intensive process of manual tracing has become prohibitive. It has been demonstrated that Freesurfer is sufficiently reliable and valid particularly in the context of larger sample sizes to detect associations with clinical or demographic variables (e.g. (Cherbuin et al., 2009; Dewey et al., 2010; Doring et al., 2011) ).
Details of the surface-based cortical reconstruction and subcortical volumetric segmentation procedures have been documented in detail previously (Dale et al., 1999; Fischl and Dale, 2000; Fischl et al., 1999a Fischl et al., ,b, 2001 Fischl et al., , 2002 Han et al., 2006; Segonne et al., 2004) . In short, for each subject the T1 MRI scan was used to construct a threedimensional model of the cortical surface that included:
(1) segmentation of the white matter; (2) tessellation of the gray/white matter boundary; (3) inflation of the folded, tessellated surface; and (4) correction of topological defects (Dale et al., 1999; Fischl et al., 1999a) . Measures of cortical thickness are obtained from this surface reconstruction by estimating and then refining the gray/white boundary, deforming the surface outward to the pial surface, and measuring the distances from each point on the white matter surface to the pial surface (Fischl and Dale, 2000) .
Volumetric subcortical segmentation and measurement was performed using automated procedures that have been validated as comparable in accuracy to much slower, laborintensive manual tracing and labeling methods . This procedure automatically classifies brain tissue into multiple distinct structures such as cerebral and cerebellar gray and white matter, cerebrospinal fluid, basal ganglia, and other subcortical structures. Using probabilistic information derived from a manually labeled training data set, this approach automatically assigns a neuroanatomical label to each voxel in the MRI volume. First, data are rigid-body registered and morphed nonlinearly into a standard stereotactic space. Then, previously manually segmented images are used to calculate statistics about how likely a particular label is at any given location throughout the brain, and these data are used as Bayesian priors for estimating voxel identity in a given subject's brain. Three kinds of information are used by the segmentation to help disambiguate anatomical labels: (1) the prior probability of a given tissue class occurring at a specific location in the atlas space; (2) the image intensity likelihood given that tissue class; and (3) the probability of the local spatial configuration of the labels given the tissue class. Segmentations produced by this procedure can be visually inspected for accuracy and edited prior to inclusion in research analyses. For the purposes of the current study, automated image surfaces and segmentations were inspected and screened for quality control but were not manually edited, in order to maintain the objectivity of results. Intracranial volume was determined by a validated automated method known to be equivalent to manual intracranial volume estimation .
Once the cortical models are complete the cerebral cortex was parcellated into units based on gyral and sulcal structure (Desikan et al., 2006) . This parcellation method based on major sulci has been shown to be both valid and reliable, with high intraclass correlation coefficient between the manual and automated procedures for both cortical volume estimates and parcel boundaries. The parcellation produces 34 gyral regions subdivided into eleven frontal regions, nine temporal regions, five parietal regions, four occipital regions and four parts of the cingulate cortex (Desikan et al., 2006) . In the present study, the subregions per lobe were combined to form one structure for comparison. The four parts of the anterior cingulate cortex were included in the frontal lobe segment (rostral and caudal part) and the temporal lobe segment (posterior and isthmus part), as suggested by the lobe mapping procedure of FreeSurfer (results were similar if these parts were excluded). Gray matter volume, cortical thickness and pial surface area (further referred to as surface area in this paper) were derived for each lobe. Procedures for the measurement of cortical thickness have been validated against histological analysis (Rosas et al., 2002) and manual measurements (Kuperberg et al., 2003; Salat et al., 2004) . Freesurfer morphometric procedures have good test-retest reliability across scanner manufacturers and across field strengths (Han et al., 2006; Reuter et al., 2012) .
Statistics
The volume of each subcortical structure, cerebral and cerebellar gray and white matter, was calculated by FreeSurfer as described in the previous section. The volumes of all structures described were averaged across hemisphere within subject. Variations with sex and (the interaction with) age or age-squared (i.e. non-linear trajectories) were estimated using a general linear model in those structures. Brain volumes, lobar gray matter and cortical thickness and surface area measures were corrected for intracranial volume (IC) as an estimate of head size, because the head size in males is in general about 10% larger than in females. Furthermore, in a review by Paus (2010b) , it was demonstrated that without IC volume (overall brain size) correction sex differences were found in absolute volumes, but after correction only few differences remained. There is an ongoing discussion whether to correct for IC volume in cortical thickness and surface area measurements. However, to be stringent, the findings reported here include IC volume correction. In addition, information regarding Bonferroni correction for multiple comparisons is noted in Tables 2 and 3. Model fits were calculated to examine developmental trajectories of brain volumes, cortical thickness and surface area measures. In case of significant sex or sexby-age(-squared) interactions, model fits were calculated separately for both sexes as well as for the whole sample. F-tests were used to determine whether a linear or quadratic model significantly best fit the data. We used the extra sum-of-squares approach to obtain an F-ratio from the relative increase in the sum-of-squares and the relative increase in the degrees of freedom reflecting the number of parameters used for a linear or quadratic model (this 
Results
Raw brain volumes for the whole sample, and for males and females separately are reported in Table 2 along with the statistical results of comparisons between sex, age (/-squared) and their interactions. Table 3 lists gray matter volumes, thickness and area measurements for frontal, temporal, parietal and occipital lobes and the anterior cingulate cortex. All volume, thickness and area measurements were corrected for intracranial volume.
Age differences in brain volumes
Analyses of subcortical volumes demonstrated that the only subcortical brain area showing a negative age association was the putamen and the only subcortical brain area showing a positive age association was the thalamus (Table 2) . Positive associations with age were further found for the lateral and third ventricle volumes, and for cerebral and cerebellar white matter. Negative associations with age were found for gray matter volumes of the four lobes, ACC, cerebrum and cerebellum and total brain. Again, we calculated total gray matter-white matter (GM/WM) ratios. The total GM/WM-ratio decreased with age (p < 0.001) but there was no sex-by-age interaction. Abbreviations: GM, gray matter; WM, white matter. A non-significant R-square indicates that the regression line is not different from zero. a All quadratic fits were significantly better than linear fits based on F-ratio derived from "extra sum-of-squares method". Obtained p-values of the F-ratio indicate if the simpler linear model is really correct, and the chance that randomly obtained data would show a better fit to a more complicated (quadratic) model. Low p-values indicate that the quadratic model is significantly better than the linear model Motulsky and Christopoulos (2004, p. 141) .
b Trajectories differed significantly between sexes. * p < 0.05. ** p < 0.01. *** p < 0.001.
Sex differences in brain volumes
As expected, significant sex differences were found in intracranial, total brain, cerebral gray and white matter, and cerebellar gray matter, with males showing larger volumes compared to females (Table 2) . Analyses of subcortical volume differences showed that males had significantly larger amygdala and thalamus volumes than females. Second, gray matter volume within all four lobes as well as in ACC was larger in males than in females. Finally, we calculated total gray matter-white matter (GM/WM) ratios. This analysis revealed a larger total GM/WM-ratio in females than in males (p = 0.006).
Sex-by-age interaction and brain volumes
No sex-by-age interactions were found for any of the subcortical regions.
In contrast, significant sex-by-age interactions were found for lobar and cerebral gray matter volumes, with both groups showing gray matter volume loss with increasing age, but males demonstrated a general pattern of larger volume decreases with increasing age compared to females (see Fig. 1A and B) . Males also showed a marginally larger third ventricle volume increases than females. Conversely, cerebral white matter volume increases were larger in females compared to males. Fig. 1A and B shows the significant relationships between age and brain volumes corrected for IC. Separate curves were fitted for males and females if the slopes were significantly different from each other (see Table 4 ). These slopes demonstrated that the quadratic fit was better than the linear fit for all structures. However, given that quadratic fits in cross-sectional studies may be affected by the age at which sampling started (or ended) , we also displayed the linear fits to demonstrate the difference between both models. 
Relationship between sex, age, cortical thickness and surface area
Besides volume differences, we also examined differences in cortical thickness and surface areas (Table 3 and Fig. 2A-C) .
As can be seen in Fig. 2A -C, gray matter volume and cortical thickness followed the same trajectory with increasing age, while there were only small age differences in surface area measurements. These associations are also expressed in terms of partial correlations between gray matter volume, cortical thickness and surface area in Table 5 . Thus, age differences were most pronounced for gray matter volume and cortical thickness. Next, we tested whether these age differences were different for the sexes.
Only surface area measurements showed significant sex-by-interactions on a lobar level, except for the occipital lobe and the ACC. Males demonstrated relatively large surface area contractions with increasing age, primarily in frontal, parietal and temporal cortex, while females showed only marginal or no surface contractions in these regions.
In contrast to the surface analyses, the lobar thickness measurement analyses were not sensitive to sex differences. That is, all lobar thickness measurements showed negative associations with increasing age, but no sex effects were found in cortical thickness of the four lobes (Table 3) .
Discussion
This study aimed to replicate the effects of age, sex, and age by sex interactions on brain volumes, cortical thickness and surface area in a European sample of typically developing children, adolescents and young adults. Specific age and sex differences, and intriguing sex-by-age interactions were observed; these will be described in more detail below.
Age-effects and brain volumes
Total brain volume decreased with increasing age, and this was accompanied by strong cerebral and cerebellar gray matter volume decreases. In addition, cerebral and cerebellar white matter volume increased with age, replicating earlier findings on gray and white matter during adolescence (Brain Development Cooperative, 2012; Giedd et al., 1999) . The four lobes and the ACC showed similar gray matter volume decreases with age. The steepness of the slopes differed between lobes. The larger temporal, parietal and frontal gray matter volume loss with increasing age may be associated with more protracted brain maturation; while the moderate occipital volume loss with age could indicate a more mature pattern of development (Casey et al., 2005) .
The subcortical brain structures showed less marked age-related trajectories. In fact, with the exception of the thalamus and putamen, all subcortical volumes remained stable with age. This was unexpected, because a subset of studies has found small increases in amygdala and hippocampal volumes during adolescence (Neufang et al., 2009; Suzuki et al., 2005) . Our findings are partly consistent with findings from Østby et al. (2009) who also reported an age-related decrease in the putamen, although they also reported small to moderate changes in several other subcortical regions. Notably, earlier reports from a longitudinal study including participants between ages 8-30 also showed that bilateral total hippocampal volume remained unchanged (Gogtay et al., 2006) , but there were significant age differences in the development of hippocampal subregions (i.e. posterior vs. anterior portions). Despite differences in methodology between studies, these findings show that in this large sample only a subset of age effects could be replicated.
Sex differences and sex by age interaction effects
The second question concerned whether there were sex differences in brain volumes and whether these interacted with age differences in brain development. We replicated earlier findings on larger intracranial, total brain and total gray and white matter volume in males compared to females. On a subcortical level, we confirmed larger amygdala (Wilke et al., 2007) and thalamus (Sowell et al., 2002) volumes in males irrespective of age. Furthermore, males demonstrated larger gray matter volumes on all lobar levels, after covarying for intracranial volume to correct for differences in head size. The sex difference in hippocampal volumes and slopes could not be replicated (Bramen et al., 2011; Giedd et al., 1996; Neufang et al., 2009 ), but see other reports which also failed to replicate these findings (Giedd et al., 1997; Gogtay et al., 2006; Yurgelun-Todd et al., 2003) . Thus, most of the predicted sex differences could be confirmed in the present study, although some inconsistencies remained. Importantly, no sex-by-age interactions were observed for subcortical volumes. Yet, interesting sex-by-age interactions were found for cortical volumes, with males demonstrating larger total and lobar gray matter volume decreases with age than females. Concomitant white matter volume increase was larger in females. On these measures, all slopes were significantly different between sexes, indicating different developmental trajectories for gray and white matter development, although this should be confirmed in longitudinal research. The majority of these findings were predicted; however, white matter volume increase has been reported to be opposite to our current results, i.e. rapid white matter volume increases in males during adolescence (Giedd et al., 1999; Lenroot et al., 2007) , or similar growth (Wilke et al., 2007) . Prior studies have reported an important role of gonadal hormones on white matter development, a question which should be followed up in future research (Ladouceur et al., 2012; Perrin et al., 2008) .
The sex-by-age interactions in cortical development were further supported by surface area analyses. Even though surface area measurements overall remained stable across development, there were sex-by-age interactions in the frontal, parietal and temporal lobe showing larger surface area in males between ages 8 and 15. This suggests that in boys there is still prolonged surface area expansion (but faster surface area loss with age), while in girls surface expansion seems to be completed (or slower). However, these findings should be interpreted with caution. Longitudinal research is necessary to determine how (change in) surface area expansion develops with increasing age.
Although volume is mathematically defined as area times height (in this case height can be seen as thickness), prior studies have suggested that cortical surface area and cortical thickness are (genetically) independent, both globally and regionally (Im et al., 2008; Pakkenberg and Gundersen, 1997; Panizzon et al., 2009; Winkler et al., 2009) . This is also reflected by the low correlation between surface area and cortical thickness reported here and consistent with the idea that surface area reduction and cortical thinning are independent processes, yet not necessarily biologically independent (Panizzon et al., 2009; Winkler et al., 2009 Winkler et al., , 2010 . Moreover, the high correlations between volume and surface area measurements compared to volume and cortical thickness resemble those of a longitudinal twin-study in 9-and 12-year olds (van Soelen et al., 2012) and adolescence (Raznahan et al., 2011) .
Further evidence for differences in cortical thinning and surface area comes from patient studies. For example, in ADHD and dyslexia a decrease in surface area with intact cortical thickness has been reported (Frye et al., 2010; Wolosin et al., 2009) . The exact relation between surface area and cortical thickness should be explored in more detail in future studies using longitudinal designs. The radial unit hypothesis of cortical development suggests that the cortical surface area is influenced by the number of columns, whereas cortical thickness is influenced by the number or the size of cells within a column (Rakic, 1988 (Rakic, , 2000 . This would suggest cell loss (or shrinkage) within columns (reduction of cortical thickness) while the number of columns remains relatively stable (surface area) during the transition into adulthood.
It must be noted that the exact mechanism behind cortical thinning in adolescence is not well understood. Cortical thinning during puberty and adolescence has been associated with the loss of unneeded connections (synaptic pruning; (Huttenlocher and Dabholkar, 1997) ), but pruning cannot fully account for the observed thinning (Paus, 2005) . Interestingly, a postmortem study by Petanjek et al. (2011) reported decreases of dendritic spine density and elimination of synaptic spines starting during puberty, continuing well into the third decade of life. The cortical gray matter loss during adolescence is thought to be the result from the encroachment of continued white matter growth which normally extends into the 4th decade (Benes et al., 1994; Courchesne et al., 2000; Gogtay et al., 2008; Gogtay and Thompson, 2010; Raz et al., 2005; Westlye et al., 2010; Yakovlev and Lecours, 1967) .
It is evident that longitudinal (replication) studies are needed to further disentangle the relationship and mechanisms of cortical thinning and surface area expansion during adolescence, possibly with additional measures of development besides age (e.g. puberty). In addition, the field may also benefit from the use of (ultra) high field MRI (7 T) to examine these ongoing changes in more detail (Duyn, 2011) .
Limitations and future directions
There are several limitations and questions for future research that remain to be answered. First, we were not able to replicate all of the previously reported age differences in subcortical brain development. One reason for this lack of replication is that the current methodology is not sensitive enough to detect subtle age-related volume differences. Furthermore, it is possible that there are shape changes with different developmental patterns, which cancel out overall volumetric patterns. Shape analysis allows statistical assessment of the subregional anatomy of morphologically changed areas with 3D modeling of these structures, so that contracted or expanded subregions of, for example, the hippocampus can be identified (Patenaude et al., 2011) . Second, heterogeneous effects found in cross-sectional studies provide a general estimation of age-related trajectories, but longitudinal studies represent a more stable measurement of individual change over time. However, our cross-sectional findings on cortical brain development mimic those from a recent longitudinal study (Raznahan et al., 2011) . Third, pubertal influences may account in part for the heterogeneous effects. We aimed to create a large sample of unique individuals and examine brain morphology from childhood to adulthood. Unfortunately, in these prior neuroimaging studies we did not consistently collect measures of pubertal development. Therefore, we could not analyze effects of pubertal development in this study. In prior studies, sex differences have been reported in the hippocampus, amygdala, and cortical gray matter in more sexually mature adolescents based on physical pubertal maturity and circulating testosterone (for reviews see: Peper and Dahl, 2013; Peper et al., 2011) . However, studies examining pubertal hormones are still underpowered in relation to sample size. The current study tried to overcome these issues by using a very large sample of children, (pre) adolescents and young adults. In future studies, it will be important to analyze effects of puberty in more detail, including longitudinal measurements of pubertal development.
Another limitation is that it is difficult to estimate the exact trajectories of change. The majority of brain regions showed linear relationships with age, but the large heterogeneity of this sample could mask curvilinear relationships. On the other hand, only large brain regions, i.e. lobar gray matter and total gray and white matter demonstrated significant curvilinear relationships with age. As mentioned earlier, caution must be taken when using quadratic model fits based on cross-sectional data, because the fit may be driven by sample characteristics at start (or end) of sampling age . In addition, there may be biological reasons to reject a curvilinear fit. For example, in a normal population it is not expected that (lobar) gray matter volume increases after age 20.
Conclusion
In a large European sample, we described the role of developmental differences in a variety of structural brain indices from childhood to early adulthood. Consistent with prior research, we have shown that adolescence is characterized by large individual variance in brain volumes. Furthermore, sex differences were most prominent in cortical surface area measurements, and in gray and white matter, even after controlling for intracranial volume. The functional relevance of these structural findings in understanding typical brain development can be numerous. For example, thinning of frontal and parietal cortices has been linked to more mature brain activation patterns in children and adolescents (Lu et al., 2007 (Lu et al., , 2009 . The goal for the future is to combine these studies effectively with behavioral, functional and hormonal measurements to disentangle the structure-function relationship and its development during the transition into adulthood.
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